In conclusion, it would seem at present that a properly prepared, unpropped, skilfully inserted homograft, which has never experienced the insults of freezing, crude chemical sterilization, or drying, must represent the best possible valve for use today. Dr 
Mechanisms ofIncorporation of Homografts and Heterografts
The techniques of replacement of valves by grafts are still in their experimental stages. Homografts, heterografts and cusps devised from other tissues have been used, after having been prepared in a number of ways. Methods of preparation include the use of antibiotics, beta-propiolactone, formaldehyde or glutaraldehyde, freeze-drying, flash-freezing, and irradiation with either beta or gamma rays. There is still insufficient information available for a detailed assessment of these, and the purpose of this paper is to draw attention to some of the mechanisms of tissue change which will have to be considered when such an assessment is made. Comparison with the behaviour of related tissues, together with examination of grafted valves already removed for one reason or another have been used to indicate directions in which further research is likely to be fruitful.
Attachment of Valve
Non-biological support: Valve cusps are sometimes attached to a fabric support, and the method of incorporation of these supports is straightforward. They become impregnated and covered by a layer of clotted blood through which fibroblasts can penetrate, following the direction of the deposited fibrin strands. The clot is rich in chemicals which stimulate and provide the energy necessary for proliferation of granulation tissue cells. These cells subsequently differentiate into fibroblasts or vascular endothelial cells. Exposed parts of the fabric away from the clot are rapidly covered with fibrinogen from the blood, followed by platelets, so providing the basis for a thin layer of nutrient material through which granulation tissue cells can move and proliferate. The support thus becomes firmly incorporated in fibrous tissue.
Donor aorta: The alternative technique is to sew the portion of aortic wall to which the cusps are attached to the underlying aorta. At this join, provided that there is no movement of the two parts relative to one another during the initial stages, clot formation followed by penetration of granulation tissue and its subsequent differentiation to fibrous tissue provide good cohesion.
Fibrous thickening: If the flow characteristics of the grafted valve are unsatisfactory, fibrin and other components of the blood may be deposited at the base of the cusp, either soon after insertion or later as the cusps deteriorate. Granulation tissue penetration of these deposits produces an undesirable thickening.
Structure of Cusp
The surfaces ofthe cusps have different structures, to accommodate differences of blood flow and pressure on the two sides. One surface is smooth, with reticulin as the main componentthat is, a network of collagen fibrils in a strong chemically resistant cellulose membrane. The other surface has rounder cells with surrounding tissue which gives a beta-protein X-ray diffraction pattern. It tends to be indented, and so is more mobile and easily stretched.
Most of the interior of the cusp is fibrocartilage in which collagen and polysaccharide form a still gel. Some beta-proteins or elastin may be present. The proportions and chemical stability of these components vary from one age to another, and to a more limited extent from one individual to another. During the period of growth they are more labile than during and after adolescence. The optimum age and stage of development of the donor is a point that requires investigation.
It has been known since the time of Carrel that rejection is a cell surface phenomenon that requires the presence of vessels. Since the cusps are an avascular fibrocartilage, this means that no rejection reaction would be expected with either homografts or heterografts.
Cell Behaviour
Both the organization of granulation tissue and the behaviour of fibrocartilage in and around the valves can be compared with closely related tissues elsewhere in the body. Metaplasia: One of the characteristics of cells of the connective tissue series is that they change their shape, and also the type of intercellular material they produce, according to the mechanical forces acting on them. Proliferating granulation tissue cells are elongated as a result of their mode of progress along fibrin strands. With the application of tensional forces they continue to be elongated and produce collagen, as in tendons. With more variable forces fibrocartilage is formed, and here the cells tend to be oval rather than long and narrow. When compression is combined with a rotational force hyaline cartilage results, and the cells are rounded. Sometimes this type of cartilage may be observed in the region where a cusp joins the wall of the aorta. The more rounded the cells the higher the proportion of mucopolysaccharide to collagen in the intercellular matrix they produce.
Maintenance of gels: Once these cells have proliferated, formed their matrix and settled down to maturity, no more collagen is produced unless a powerful stimulus (chemical or mechanical) is applied. However, they do have a continuous function in the maintenance of the gel structure of their surrounding matrix. If the gel is damaged they provide new polysaccharide to repair it within a few days.
Fate of Grafted Cusps
There are two main possibilities, with variations for each: either the cusp remains as an inert tissue, or invasion by host cells produces a viable tissue. Examples of the former are comparatively easy to come by. It will be several years before the possibility of a cellular invasion is adequately assessed. Successful grafts do not require reoperation, so that only rarely will the part-way stages become available for examination. Animal experiments would therefore be desirable. Since minor variations in conditions are critical, it will be necessary for experimental grafts to be placed in the normal subcoronary position. Comparison with other tissues having known properties may be used to suggest some of the conditions which will be necessary for success.
Non-viable and deteriorating: This has been the fate of most of the grafted valves so far examined. Even after a period of 3-5 years the cusps and portion of the aorta attached to the host have remained acellular. There has been fibrous union between the host and adjacent parts of the graft, some deposition of cells from the blood on the surface of the cusps, very occasionally fibrous organization of a fibrinogen-based coating on the surface of the cusps, more frequently fibrous organization of deposits from the blood at the base of the cusps, and that is all. These grafts were nearly all prepared by freeze-drying, and there is increasing evidence that freezedrying denatures the tissue and renders it inert and unresponsive to advancing cells. With a combination of techniques this adverse effect of freeze-drying dominates.
Given an initially inert cusp, the length of time it is able to function efficiently depends on a number of factors. Leaving aside the operation technique, there is the length of time and conditions of storage between death and freezedrying, and then between treatment and insertion. In this case the shorter the time before drying the longer the valve is likely to last. There is also the age of the donor and the condition of the valve. When a valve remains non-viable, the older the donor the longer it is likely to last, since connective tissues become tougher and more stable with increasing age. This statement would, of course, only apply to unblemished valves. In time, however, the cusps may retract and thicken, or holes will form and general disintegration ensue.
Handling of the cusps presents a major hazard. Before drying or after reconstitution, pressure, say between finger and thumb, may produce necrotic lesions similar to those found in weightbearing areas of articular cartilage in the early stages of osteoarthritis, or in some intervertebral disc lesions. Such areas could disintegrate quite soon. When dry the cusps are brittle. Unless they are handled very gently indeed cracks develop in their surfaces. Fig 1  shows collagenous tissue visible through a crack in the surface. After insertion of the valves these damaged areas of the cusp surface present no barrier to the surrounding blood, and the interaction of the blood and fibrous tissue is such that conditions suitable for calcification frequently ensue. Infection is another cause of pathological calcification.
Any method of preparation of the cusps which involves fixing, e.g. formaldehyde or glutaralde- hyde, also prevents subsequent tissue organization. Cusps are less flexible so that thickening, particularly at the base, is a probable outcome.
Invasion of donor valve by host cells:
The ideal graft would be one in which both the aortic component and the cusp are invaded by host connective tissue cells, so that they become viable and able to repair any damage to the gel structure. With some methods of treatment penetration by host cells has been observed to a limited extent, but material is not yet available which would show whether complete replacement is possible. A consideration of the factors which stimulate or inhibit cell division indicates the type of information which is still needed.
The first requirement for cell division is that a suitable source of energy should be present. The fibrinogen and fibrin deposits from blood are one such source of energy, hence the fibrous organization of clots already discussed. Other sources of energy are certain of the breakdown products of the mucopolysaccharides contained in cartilage and fibrous tissue. Such breakdown products are utilized in the repair of articular cartilage and the intervertebral disc, and are needed for the cellular penetration of aortic wall and cusps by the host tissue. There appear to be at least three modes of breakdown of these intercellular matrices: to necrotic tissue, to a suitable underlying matrix for calcification, and to useful energy-forming components. The exact conditions which lead to each are not yet known, although it is known that freeze-drying favours calcification and inhibits the formation of breakdown products which can supply energy. It is possible that for some types of valve preparation the choice of young donor valves and an interval of a few days between death and utilization or treatment Given an adequate level of cell nutrition, the local partial pressure of carbon dioxide is a relevant factor. Fairly low levels stimulate cell division, while higher concentrations inhibit it. The steroids present must also be taken into account. Anabolic compounds such as testosterone stimulate, while corticosteroids inhibit, division of connective tissue cells.
Of the various methods of valve preparation so far used, the most promising are fresh valves, preservation in beta-propiolactone, and the use of certain types of irradiation. A few valves have become available after 3 and 5 months. Those irradiated by Gibbons & Alladine (1970) have shown practically complete cell penetration of the donor aortic wall, a thin layer of fibrous tissue over the cusps, and traces of cell penetration into the cusps. Valves which have been in place for longer than 5 months have not been seen. Figs 2 and 3 show two stages in the cellular penetration of the donor aortic wall.
Effects ofIrradiation
The effects of irradiation on tissues are complex, and for successful results it is necessary to have a correct balance of the various factors. The optimal conditions have not yet been worked out but two quite different sets of conditions have initially given good clinical results. At the MIT electrons have been used, with the tissues at the temperature of solid carbon dioxide and a dose of 2-2 5 megarad delivered over a period not exceeding 10 seconds. At Wantage Research Laboratory 2-5 or 3 megarad of gamma irradiation have been delivered over a period of several hours to specimens at temperatures not allowed to fall below freezing point. Electrons are more difficult to control than gamma rays. They have an additional heating effect, which could itself render the tissues inert, while it is difficult to achieve a uniform dose distribution.
Radiation destroys the cell components responsible for initiating the rejection reaction. This is irrelevant so far as the cusps are concerned, but in the case of the attached aortic wall it could well reduce the incidence of inflammation and calcification, and allow easier penetration of cells from the host tissues.
The reason why conditions must be carefully controlled is because radiation has two opposing actions on the tissues. The intercellular matrices are mostly polymeric compounds, and the action of radiation is to break some of the bonds, in both the polymer chains and side groups. These may recombine or remain apart, and low molecular weight fragments may become detached. The recombination is not a simple 'once and for all' effect. Peroxide radicles are formed and chemical chain reactions initiated. The sequence of changes initiated by the radiation may continue for hours or days. Conditions of storage after irradiation thus become important, as well as the conditions and time between death and irradiation. The net result of irradiation may be extra polymerization with consequent stabiliza-tion of the tissues. This could increase the length of time before an inert graft begins to show signs of degradation. Somewhat different conditions may result in partial breakdown of the intercellular matrix to reactive components which can stimulate cell division, either immediately or after a lapse of time. Care is needed, however, to ensure that the rate of degradation of the cusps is not greater than the rate of penetration of cells from the host tissue. The best sequence of events would seem to be incorporation of the portion of aortic wall or support, followed by the proliferation of a thin layer of fibrous tissue over the whole surface of the cusp, followed by penetration of cells from this thin layer of tissue into the cusp along its length. Present indications are that the doses of gamma radiation required to initiate adequate tissue changes are of the same order of magnitude as sterilizing doses.
To facilitate the accretion of useful knowledge, it is desirable that records be kept of the pretreatment of valves. In the case of irradiated valves these should include, at the least, the following information: Age and sex of donor; time and temperature between death and irradiation; type of irradiation; dose and dose-rate; type of packaging; temperature of irradiation; time and temperature of storage between irradiation and use; and any additional chemical treatment of valves. 
